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Abstract 

Histone lysine methyltransferase EZH2 has been reported to be frequently overexpressed in 
hepatocellular carcinoma (HCC) tissues and associated with hepatocarcinogenesis. However, the exact 
mechanism of EZH2 up -regulation in HCC has not been determined. In this study, we used murine 
hepatocyte AML12 cells to investigate the role of hepatitis B virus X protein (HBx) in regulating the 
expression of mEZH2. Western blot analysis demonstrated that the expression level of mEZH2 protein in 
AML12 cells was up-regulated by HBx in a dose-dependent manner. To further investigate the mechanism 
of mEZH2 overexpression, the 2500 bp regulatory sequence upstream from the first exon of the mEZH2 
gene was amplified from AML12 genomic DNA and constructed into a luciferase reporter plasmid. The 
luciferase activity of the mEZH2 promoter significantly increased in AML12 cells co-transfected with HBx 
plasmid, and deleting the -486/-214 promoter region decreased HBx-induced mEZH2 promoter activation 
by nearly 50%. The -486/-214 region was then analyzed in the TRANSFAC 6.0 database and a typical 
E2F1 -binding site was found. Mutation of this E2F1 -binding site or knockdown of E2F1 expression by 
RNAi led to a dramatic decrease in HBx-induced activation of the mEZH2 promoter and mEZH2 
overexpression in AML12 cells. These results provide evidence that HBx up-regulates mEZH2 expression 
by transactivating the mEZH2 promoter through E2F1 transcription factor, thereby providing new 
epigenetic evidence for the carcinogenic effect of HBx. 
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Hepatocellular carcinoma (HCC), one of the most 
common malignancies in the world, imperils people's 
health and quality of life and leads to a high mortality'^'. 
Chronic infection of hepatitis B virus (HBV) is the leading 
cause of HCC in China, and the encoded protein of the 
HBV X gene (HBx) plays a critical role in the 
tumorigenesis of HBV-related HCC'^'. HBx protein, which 
is encoded by HBV after infecting cells, has a wide 
range of biological activities, including activating cellular 
and viral gene transcription, inhibiting DNA damage 
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repair, regulating cell apoptosis, and activating signal 
transduction. These activities affect viral replication and 
cell transformation However, its mechanism is still 
unclear. 

Enhancer of zeste homolog 2 (EZH2), one 
component of the polycomb-repressive complex 2 
(PRC2), plays a crucial role in gene silencing by 
trimethylating lysine 27 of histone H3 (H3K27) and has 
been associated with the regulation of tumorigenesis. 
Several studies have shown that elevated EZH2 protein 
expression has been found in prostate cancer, breast 
cancer, lymphoma, and other cancers, and it is also 
closely related to tumor progression and prognosis '''i. 
Recently, it is also reported that EZH2 is highly 
expressed in HCC, especially in the tumor tissues with 
vascular infiltration , suggesting that high expression 
of EZH2 is closely related to the progression of 
hepatoma'^"'^. 
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HBx significantly increased EZH2 expression levels 
in hepatoma cells in our earlier experiments, thiereby 
affecting cell migration and invasion (unpublisfied 
results). However, thie mechianism fias not been 
elucidated. In the present study, we investigated the 
molecular mechanisms of mEZ/-/2 regulation by HBx and 
found that HBx could up-regulate mEZH2 expression by 
transactivating the mEZH2 promoter through E2F1 
transcription factor. 

Materials and Methods 

Bacterial strains, cell lines, and plasmids 

£. coli DH5a competent cells were purchased from 
TransGen Biotech. The mouse hepatocyte AML12 cell 
line was purchased from ATCC. AML12 cells were 
cultured in DMEM-F12 medium containing 10% fetal 
bovine serum, 0.005 mg/mL insulin, 0.005 mg/mL 
transferrin, 5 ng/mL selenium, and 40 ng/mL 
dexamethasone. The pGEM®-T vector and pGL3-Basic 
vector were purchased from Promega. The small hairpin 
RNA (shRNA) interference vector pRS-puro was 
purchased from ORIGENE. The enhanced green 
fluorescent protein (EGFP) and HBx eukaryotic 
expression vectors, pcDNA4.0/TO/myc-His-EGFP and 
pcDNA4.0/TO/myc-His-EGFP-HBx, respectively, were 
from our lab. 

Enzymes, reagents, and antibodies 

Prime STAR™ HS DNA polymerase was purchased 
from TaKaRa. T4 ligase and restriction enzymes {Xho I, 
BamH I, and Hind III) were purchased from New 
England Biolabs. The DNA extraction kit NucleoSpin® 
Extract II was purchased from Macherey-Nagel. FuGENE® 
HD cell transfection reagent was purchased from Roche. 
The genomic DNA extraction kit and Luciferase Assay 
System with Reporter Lysis Buffer were purchased from 
Promega Corporation. Polyvinylidene fluoride (PVDF) 
membrane, ECL Plus Western Blotting Detection 
System, and the protein quantification kit (2-D Quant Kit) 
were purchased from GE Healthcare. Anti-EZH2 mouse 
monoclonal antibody (Clone BD43) was purchased from 
Millipore Corporation, anti-p-actin mouse monoclonal 
antibody (Clone AC-15) was purchased from SIGMA, 
and HRP-labeled goat anti-mouse IgG was purchased 
from Zhongshan Golden Bridge Biotechnology 
Corporation. Other reagents were analytical grade 
reagents made in China. 

Construction of the mEZH2 promoter vector 

Genomic DNA extracted from AML12 cells and 



purified using Promega Wizard Genomic DNA 
purification kit was used as the template for polymerase 
chain reaction (PCR). Promoter sequence upstream of 
the first exon of mEZH2 was amplified by PCR using 
primers listed in Table 1 . Briefly, four different PCR 
fragments were linked together to make full length 2500 
bp mEZH2 promoter using overlap extension PCR. A 
single adenosine residue was added to the 3'-end of the 
full-length promoter sequence, which was subsequently 
cloned into the pGEM-T vector to make the 
pGEM-T-mEZH2 promoter vector. 

Construction of luciferase reporter vectors 

The pGEM-T-mEZH2 promoter vector was used as 
a PCR template to amplify the -2406/+22 full-length 
mEZH2 promoter (transcription starts from the first exon 
of mEZH2), and deletion mutants -486/+22, -214/+22, 
and -214/-50 with primers listed in Table 2. Additional 
point mutant -486/+22M was generated using primers 
E2F1-MF and E2F1-MR based on deletion mutant 
-486/+22. Xho I and Hind III restriction sites were 
introduced into the ends of all the amplified fragments, 
and the fragments were cloned into pGL3-basic vector to 
obtain luciferase reporter vectors under control of 
mEZH2 promoter or its mutants. The reporter constructs 
included pGL3-pmEZH2 (-2406/+22), pGL3-pmEZH2 
(-486/+22), pGL3-pmEZH2 (-214/+22), pGL3-pmEZH2 
(-214/- 50), and the E2F1 binding site mutant 
pGL3-pmEZH2 (-486/+22M). 

Construction of shRNA vectors 

RNAi sequences targeting the mouse E2F1 gene 
were selected based on the literature'**'. The following two 
oligonucleotides were designed and synthesized: 
5'-GATCGACGGAGGCTGGATCTGGAGTTCAAGAGAC- 
TCCAGATCCAGCCTCCGTTTTTTTGGAAA-3' for mE2- 
F1-1 and 5'-AGCTTTTCCAAAAAAACGGAGGCTGGAT- 
CTGGAGTCTCTTGAACTCCAGATCCAGCCTCCGTC-3' 
for mE2F1-2. The two fragments were annealed and 
ligated into the pRS-puro vector, which was linearized by 
eamH I and Hind III. 

Detection of luciferase activity 

Equal amounts of luciferase reporter plasmid under 
control of mEZH2 promoter and other plasmids (the total 
amount of plasmids was 0.8 pg) were co-transfected into 
AML12 cells. Cells were harvested after 36 h and 
fluorescence intensity indicating luciferase activity was 
determined using a single luciferase activity kit. 
Triplicates of each experimental group were repeated 
independently 3 times according to the manufacturer's 
instructions. 
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Table 1 . Primer sequences used in tfie amplification of mEZH2 promoter 


Primer name 


Primer sequence 


Amplified fragment 


P1F 


5-TTCTGCCCATCACTATACCCTA-3' 


-2406/-1517 


P1R 


5 •- G CACAAATG CCAATAAAGG A-3 ' 




P2F 


5-CTAAGGGTACACCCACGATG-3' 


-1650/-885 


P2R 


5'-CCCGAGGAATAGAAATGAGC-3' 




P3F 


5'-CCATTATTCACCTCATTGCCAGAT-3' 


-917/-215 


P3R 


5'-CAGTCGCTGTCnTGnCTnT-3' 




P4F 


5 •-CTCCCCGCCTCCTGCCCATA-3 • 


-333/+22 


P4R 


5'-ACCGGACCGAGCGCCAAAC-3' 





Table 2. Primer sequences used in the construction of luciferase reporter vectors 


Primer name 


Primer sequence (5'-»3') 


-2406 XrtolF 


5'-CCGCTCGAGTTCTGCCCATCACTATAC-3' 


-486 XrtolF 


5'-CCGCTCGAGGGCGGTTAAGACCGTTA-3' 


-214 XftolF 


5'-CCGCTCGAGTGGTGCnCCACCCAGCAAGCCGCG-3' 


+22 H/ndlllR 


5'-CCCAAGCTTACCGGACCGAGCGCCAAAC-3' 


-50 Hindm 


5'-CCCAAGCTTGCCTCTCCGATTGGAGGATG-3' 


E2F1-MF 


5'-AGAACCACTCAGCGCCCATS/17CGCCAAGAGCTGGCCCGCC-3' 


E2F1-IV1R 


5-GGCGGGCCAGCTCTTGGCG/irCATGGGCGCTGAGTGGTTCT-3' 



Western blotting 

HBx expression plasmid pcDNA4.0/TO/myc- 
His-EGFP-HBx and control plasmid pcDNA4.0/TO/myc- 
His-EGFP were mixed in different proportions to a total 
amount of 1.0 jjg and co-transfected into AML12 cells. 
After 48 h, total proteins were extracted by directly 
adding 1x SDS sample buffer. Protein concentration was 
quantified using 2-D Quant Kit. Protein samples (25 pg) 
were resolved by SDS-PAGE and then transferred onto 
PVDF membranes. EZH2 monoclonal antibody was used 
to detect mEZH2 expression levels in the cells, p-actin 
was used as an internal reference. Bands were scanned 
using a Typhoon 9410 scanner. 

Results 

HBx up-regulates protein levels of mEZH2 in 
AML12 cells 

In the previous experiments, we found that HBx 
significantly up-regulated the expression level of mEZH2 
in human hepatocarcinoma cell line HepG2. To further 
confirm this observation, we transfected HBx expression 
plasmid into mouse hepatocyte AML12 cells and 
examined its effect on mEZH2 expression. We found 
that increasing the amount of HBx plasmid up to 1.0 pg 
resulted in a gradual increase in mEZH2 expression level 
in AML12 cells (Figure 1A), indicating that HBx 



significantly up-regulated the expression level of mEZH2 
in AML12 cells. 

Amplification of the mEZHI promoter sequence 
and construction of reporter vectors 

HBx can activate the transcriptional regions of various 
homologous or heterologous viruses and cells, including 
the HBV enhancer/core promoter, cytomegalovirus 
(CMV) promoter, herpes simplex virus thymidine kinase 
(HSV-TK) promoter, and simian virus 40 (SV40) 
promoter'^'. To further elucidate the mechanism by which 
HBx increases mEZH2 expression in AML12 cells, we 
amplified the 2500 bp sequence upstream of the first 
exon of mEZH2 gene from AML12 cell genomic DNA 
(Figure IB), and then constructed the luciferase reporter 
vector pGL3-pmEZH2 (-2406/+22) under control of the 
mEZH2 promoter. 

HBx up-regulates mEZH2 promoter activity 

Luciferase reporter vector pGL3-pmEZH2 
(-2406/+22), which was under the control of the mEZH2 
promoter, and HBx expression vector pcDNA4.0- 
EGFP-HBx were co-transfected into AML12 cells. The 
pcDNA4.0-EGFP plasmid was used as a negative 
control, and pGL3-basic vector was also transfected as 
an empty control for endogenous luciferase activity. 
Luciferase activity was detected 36 h after transfection. 
The mEZH2 promoter sequence (-2406/+22) upstream 
of the first exon had transcriptional activity compared to 
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C 




piDNA4.0-ECFP-HBi + _ + _ |)cDMA4.0-EGFP-HBi 0 0.25 0.50 0.75 1.00 



PCDNA4.0-ECFP _ + _ + pcDNA4.0-EGFP V.OO 0.75 0.50 0.25 0 



Figure 1. HBx up-regulates the mEZH2 expression by activating the mEZH2 promoter. A, the expression of mEZH2 is up-reguiated by HBx. The HBx expression 
piasmid (0-1 ^g) was transfected into AML12 ceiis seeded in 24-weii piates. When iess than 1 ^.g of the HBx-expressing piasmid was used for transfection, the 
controi vector was added to bring the amount of transfected DNA up to 1 ^.g. The protein expression ievei was anaiyzed by Western biotting 48 h after transfection. 
B, ampiification of mEZH2 promoter sequences. The ampiified mEZH2 promoter fragments were separated by agarose eiectrophoresis. Lane M, Marl<er iii; iane 1, 
amplified mEZH2 promoter sequence from -2406 to -1517; iane 2, mEZH2 promoter sequence from -1650 to -885; iane 3, mEZH2 promoter sequence from -971 
to -215; lane 4, mEZH2 promoter sequence from -333 to +22; iane 5, the whole length of mEZH2 promoter sequence amplified from -2406 to +22. C and D, the 
activity of mEZH2 promoter is up-reguiated by HBx in a dose-dependent manner using iuciferase reporter assays. The mEZH2 promoter iuciferase reporter vector 
pGL3-pmEZH2 (-2406/+22) was co-transfected with HBx expression vector pcDI\IA4.0-EGFP-HBx or controi vector pcDI\IA4.0-EGFP. The pGL3-Basic vector without 
any promoter sequence was also transfected as a negative controi (C). AML12 ceiis were co-transfected with 0.5 (jig of pGL3-pmEZH2 (-2406/+22) and 0 to 1 ^g 
of pcDI\IA4.0-EGFP-HBx. When iess than 1 (ig of the pcDNA4.0-EGFP-HBx piasmid was used for transfection, the pcDNA4.0-EGFP vector was added to bring the 
amount of transfected DNA up to 1 jig (D). The data shown was one result of two independent experiments. 



the control, and the expression of HBx in cells 
significantly increased its activity (Figure 1C). 

To further determine the effect of HBx on mEZH2 
promoter activity, 0 to 1 pg of HBx expression piasmid 
was co-transfected with 0.5 |jg mEZH2 
promoter-controlled Iuciferase reporter vector 
pGL3-pmEZH2 (-2406/+22) into AML12 cells. The total 
amount of HBx expression piasmid and pcDNA4.0- 
EGFP vector was 1 pg to ensure transfection 
consistency and efficiency. We found that the Iuciferase 
activity of the mEZH2 promoter (-2406/+22) gradually 
increased as the amount of HBx increased, indicating 



that HBx regulates mEZH2 promoter activity in AML12 
cells in a dose-dependent manner (Figure 1D). 

HBx primarily regulates mEZHl promoter 
activity through the -486/-214 promoter region 

To further identify the region of the mEZH2 
promoter that is critical for the HBx effect, we truncated 
the mEZH2 promoter region -2406/+22 to create 
fragments of differing lengths. The truncated construct 
vectors, pGL3-pmEZH2 (-486/+22), pGL3-pmEZH2 
(-214/+22), and pGL3-pmEZH2 (-214/- 50), were 
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-486/+22 -214/+22 -214/-50 -486/+22 -486/+22M -214/+22 -214/-50 




Figure 2. HBx up-regulates the activity of mEZH2 promoter and mEZH2 expression through E2F1 transcription factor. A, HBx up-reguiates the activity of mEZH2 
proHROter through -486/-214 region. The truncated mEZH2 pron^oter vector pGL3-pmEZH2 (-486/+22) or pGL3-pmEZH2 (-214/+22) was co-transfected with HBx 
expression vector pcDNA4.0-EGFP-HBx, and the luciferase activity was detected 36 h after tranfection. The mEZH2 promoter vector pGL3-pmEZH2 (-214/-50), of 
which candidate transcriptionai start site deieted, was used as the negative control. B, mutation of E2F1 -binding site ieads to noticeabie deciine of HBx activation to 
mEZH2 promoter. The mutated mEZH2 promoter vector pGL3-pmEZH2 (-486/+22M) or pGL3-pmEZH2 (-486/+22) was co-transfected with HBx expression vector 
pcDI\IA4.0-EGFP-HBx, the iuciferase activity was detected 36 h after tranfection. The mEZH2 promoter vector pGL3-pmEZH2 (-214/-50), in which the candidate 
transcription start site was deieted, and the pGL3-pmEZH2 (-214/+22), in which the candidate E2F1-binding site was deieted, were used as the negative and 
positive controis, respectiveiy. C, HBx up-reguiates the activity of mEZH2 promoter through E2F1 transcription factor. The mEZH2 promoter pGL3-pmEZH2 
(-486/+22) was co-transfected with E2F1 shRNA expression vector pRS-puro-mE2F1 and HBx expression vector pcDI\IA4.0-EGFP-HBx, and the iuciferase activity 
was detected 36 h after tranfection. The mutated mEZH2 promoter vector pGL3-pmEZH2 (-486/+22M) co-transfected with pRS-puro-mE2F1 and pcDI\IA4.0-EGFP- 
HBx was used as negative controi. D, HBx up-reguiates the expression ievei of mEZH2 through E2F1 transcription factor. The E2F1 shRNA expression vector pRS- 
puro-mE2F1 was co-transfected with HBx expression vector pcDNA4.0-EGFP-HBx (HBx) or empty vector pcDI\IA4.0-EGFP (Vec), and the protein expression ievei was 
analyzed by Western blotting 48 h after tranfection. The control shRNA expression vector pRS-puro-control co-transfected with pcDI\IA4.0-EGFP-HBx (HBx) or 
pcDNA4.0-EGFP (Vec) was used as negative control. 



co-transfected with HBx expression plasmid into AML12 
cells, and the effects of HBx on the truncated mEZH2 
promoters were detected. When the mEZH2 promoter 
fragment -486/+22 was truncated to -214/+22, the effect 
of HBx dropped by nearly a half compared to the 
-486/+22 fragment (Figure 2A), suggesting that a critical 
element for HBx-induced mEHZ2 promoter regulation 
lies within the -486/-214 region of the mEHZ2 promoter. 
The promoter mutant -214/-50, in which the transcription 
start site had been lost, exhibited only minimal 
transcriptional activity and was used as a negative 



control. 

HBx reg ulates mEZH2 promoter activity and 
protein expression tlirougli E2Fl-binding sites 

We analyzed the c/s-elements in the mEZH2 
promoter region -2406/+22 using the TRANSFAC 6.0 
database and previous literature'^' and found a canonical 
E2F1 transcription factor-binding site (CCCATTCCCGC) 
in the promoter region -486/-214. To test whether HBx 
increases mEZH2 promoter activity through the 
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E2F1-bincling site, we mutated the E2F1-binding site to 
CCCATGATCGC in thie promoter fragment -486/+22, 
thiereby disrupting E2F1 -binding ability. HBx-induced 
luciferase activity of thiis E2F1 mutant (-486/+22M) was 
significantly decreased compared to thie fragment with 
the wild-type E2F1-binding site (-486/+22) and exhibited 
similar activity as the -214/+22 fragment (Figure 2B). 
These results show that the E2F1 -binding site plays an 
important role on HBx-regulated promoter activity of 
mEZH2. 

We further determined the function of transcription 
factor E2F1 on HBx-regulated mEZH2 expression using 
RNAi to l<nocl<down E2F1 expression. E2F1 l<nocl<down 
significantly decreased the luciferase activity of the 
mEZH2 promoter region -486/+22 by HBx compared to 
the control, but had no effect on the luciferase activity of 
the mutant -486/+22M (Figure 2C). Furthermore, 
Western blotting showed that E2F1 l<nocl<down 
significantly reduced HBx-induced expression of mEZH2 
(Figure 2D). These results further confirm that HBx can 
activate mEZH2 promoter activity to increase mEZH2 
protein through the transcription factor E2F1 . 



Discussion 

Numerous studies suggest that HBx transactivates 
several cancer-related genes is an important mechanism 
leading to malignant transformation and tumorigenesis, 
therefore, HBx is considered to play an important 
role during HBV chronic infection-induced HCC 
progression Several oncogenes, such as c-myc, 
c-fos, c-jun and c-mef, are found to be transactivated by 
HBx, leading to malignant transformation of hepatocytes 
and tumorigenesis. 

Polycom b gene EZH2 is a newly identified 
oncogene with histone methyltransferase activity and 
involved in regulation of cell differentiation and of 
embryonic development. In recent years, EZH2 has 
been reported to be highly expressed in many tumors 
and is closely related to tumor formation and growth and 
facilitates cell proliferation, tumor invasion, and 
metastasis In HCC studies, the Sasal<i and Sudo 
laboratories reported that the expression level of EZH2 
protein in cancer tissues was significantly higher than 
that in the adjacent tissues and was closely related to 
tumor malignancy'^''. Gong ef a/.'^^' also reported similar 



observations. We further found that nearly 90% of the 
tumor specimens that Gong and colleagues used were 
HBsAg-positive ™, EZH2 protein was also highly 
expressed in 10 out of 14 HBsAg-positive HCC 
specimens used by Sudo et al.^''^ and in 16 out of 21 
HBsAg-positive HCC specimens used by Yonemitsu ef 
al. These results suggest that high levels of EZH2 
expression in HCC may be closely related to HBV 
infection. 

The sequence of the upstream regulatory region of 
the EZH2 promoter and the EZH2 protein are highly 
conserved between humans and mice, indicating that 
murine mEZH2 plays a similar role to human EZH2 in 
cell differentiation, individual development, and 
tumorigenesis'''""'. In the present study, we investigated 
the effect of HBx on mEZH2 expression in the murine 
hepatocyte cell line AM LI 2. We found that HBx 
increased mEZH2 expression level by transactivating 
mEZH2 promoter activity, suggesting that the expression 
of EZH2 may be regulated by HBV in human 
hepatocarcinoma. Bracl<en et a/.'"' confirmed that EZH2 
is located in downstream of the pRB-E2F signaling 
pathway and is directly regulated by the E2F 
transcription factors. Similarly, we found in our 
experiments that the mEZH2 promoter region contains 
an E2F1-binding site, which is very important for 
HBx-enhanced promoter activity. E2F1 l<nocl<down 
greatly reduced the HBx-induced mEZH2 promoter 
activation and increase in mEZH2 protein expression 
level. HBx has been shown to activate the pRb-E2F1 
signaling pathway by inducing pRb phosphorylation '"'^'^ 
and enhance E2F1 transcriptional activity by interacting 
to E2F1'"'. These results suggest that HBx may activate 
the pRb-E2F1 signaling pathway, up-regulate mEZH2 
expression, and thus contribute to malignant 
transformation and tumorigenesis. 

In summary, we found that HBx transactivates the 
promoter of histone methyltransferase mEZH2 through 
the transcription factor E2F1 -binding site, resulting in 
increased mEZH2 expression in liver cells. Our results 
provide new evidence of the role of HBx protein in 
tumorigenesis and lay the molecular foundation for HCC 
diagnosis and treatment in the future. 

Received: 2010-09-14; revised: 2011-01-14; 
accepted: 2011-01-17. 
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